To identify the evolutionary genetic novelties that contributed to shape human-specific traits such as the use of a complex language, long-term planning and exceptional learning abilities is one of the ultimate frontiers of modern biology. Evolutionary signatures of functional shifts could be detected by comparing noncoding regions that are highly conserved across mammals or primates and rapidly accumulated nucleotide substitutions only in the lineage leading to humans. As gene loci densely populated with human-accelerated elements (HAEs) are more likely to have contributed to human-specific novelties, we sought to identify the transcriptional units and genomic 1 Mb intervals of the entire human genome carrying the highest number of HAEs. To this end, we took advantage of four available data sets of human genomic accelerated regions obtained through different comparisons and algorithms and performed a meta-analysis of the combined data. We found that the brain developmental transcription factor neuronal PAS domain-containing protein 3 (NPAS3) contains the largest cluster of noncoding-accelerated regions in the human genome with up to 14 elements that are highly conserved in mammals, including primates, but carry human-specific nucleotide substitutions. We then tested the ability of the 14 HAEs identified at the NPAS3 locus to act as transcriptional regulatory sequences in a reporter expression assay performed in transgenic zebrafish. We found that 11 out of the 14 HAEs present in NPAS3 act as transcriptional enhancers during development, particularly within the nervous system. As NPAS3 is known to play a crucial role during mammalian brain development, our results indicate that the high density of HAEs present in the human NPAS3 locus could have modified the spatiotemporal expression pattern of NPAS3 in the developing human brain and, therefore, contributed to human brain evolution.
Introduction
The identification of the genetic basis underlying the phenotypic differences that characterize Homo sapiens is one of the major goals of current evolutionary studies. Distinctive human traits such as the use of a complex language, longterm planning, and exceptional learning capacities are considered to be the result of a series of molecular and phenotypic changes in the developmental program of our brain that occurred along the last 6 My of human lineage evolution. The genes that contributed to peculiar human traits have probably acquired novel mutations in their coding or regulatory sequence leading to the origin of differential protein functional domains or changes in their spatial or temporal expression, respectively. By comparing sequences from ortholog loci of several vertebrate genomes, including the human and chimpanzee, it is possible to identify brain genes and genomic regions showing accelerated evolution in the human lineage as candidates to reveal the molecular basis of the particular configuration of the human brain. So far, most studies have focused in comparing protein-coding regions and a few genes linked to speech or brain size with signatures of positive selection in the human lineage have been identified, suggesting that they might have played a role during recent human evolution (Enard et al. 2002; Evans, Anderson, Vallender, Choi, et al. 2004; Evans, Anderson, Vallender, Gilbert, et al. 2004; Evans et al. 2005; Mekel-Bobrov et al. 2005) . More recently, other examples including the characterization of the gene SRGAP2 and its human-specific paralogs in the maturation of dendritic spines (Charrier et al. 2012; Dennis et al. 2012) have highlighted the importance of performing functional studies of human-specific genes that evolved as a consequence of duplication and deletions in the human lineage (Fortna et al. 2004) to investigate the evolutionary history of our brain.
As protein-coding regions account for only one-third of all conserved sequences in the human genome and several studies performed in other species showed that lineage-specific evolution of regulatory sequences appeared to have driven phenotypic changes (for a review, see Carroll [2005 Carroll [ , 2008 ), detection of human-specific accelerated conserved noncoding regions would likely be highly informative. In fact, almost 40 years ago, King and Wilson (1975) proposed the idea that evolution of noncoding regulatory sequences played a major role in shaping the unique features of the human brain although a proof of this concept is still pending. As gene loci densely populated with human-accelerated elements (HAEs) are more likely to have contributed to human-specific novelties, we sought to identify the transcriptional units and genomic 1 Mb intervals of the entire human genome carrying the highest number of HAEs. To this end, we took advantage of four recent independent genome-wide studies performed to identify accelerated conserved nonprotein-coding regions in the human genome (Pollard, Salama, King, et al. 2006; Pollard, Salama, Lambert, et al. 2006; Prabhakar et al. 2006; Bush and Lahn 2008; Lindblad-Toh et al. 2011 ) that altogether detected approximately 1,800 genomic human fast evolving regions. In this work, we performed a meta-analysis of these four public databases to identify clusters of human genomicaccelerated elements. Although these studies searched for conserved genomic regions with accelerated substitution rates specific for the human branch, each of them yielded partially overlapping output sequences probably because they used different type and number of compared species and different algorithms to assess acceleration. Our meta-analysis revealed that most transcriptional units and 1 Mb intervals carry none, 1, 2, or 3 HAEs, and only very limited cases showed a concentration of HAEs greater than 7. A maximum and exceptional case corresponds to the NPAS3 (neuronal PAS domain-containing protein 3) locus that contains 14 HAEs, the largest cluster of noncoding-accelerated elements in the human genome. NPAS3 encodes a transcription factor of the bHLH-PAS family (Brunskill et al. 1999 ) and is mainly expressed in the developing central nervous system of mice and humans as well as in the adult brain (Brunskill et al. 1999; Gould and Kamnasaran 2011) . Analysis of NPAS3-deficient mice showed that this gene plays an important role during brain development and the control of neurosignaling pathways (Erbel-Sieler et al. 2004; Brunskill et al. 2005 ). In addition, NPAS3 was identified as a candidate gene for schizophrenia in family (Kamnasaran et al. 2003; Pickard et al. 2005 Pickard et al. , 2006 and association studies (Pickard et al. 2008; Huang et al. 2010) . To explore the possibility that the human-specific genetic changes present in NPAS3 played a role in brain evolution, we tested the ability of the individual 14 HAEs clustered in the NPAS3 locus to act as transcriptional enhancers using a transgenic zebrafish reporter expression assay. We found that 11 out of the 14 HAEs present in NPAS3 drive reporter gene expression to the developing central nervous system, suggesting that the accelerated evolution of the these regulatory sequences could have had an impact on the expression of NPAS3 in humans.
Results

Genome-Wide Cluster Map of Human-Accelerated Nonprotein-Coding Elements
To identify clusters of HAEs in the human genome, we used four publicly available databases (Pollard, Salama, King, et al. 2006; Pollard, Salama, Lambert, et al. 2006; Prabhakar et al. 2006; Bush and Lahn 2008; Lindblad-Toh et al. 2011 ). We assembled the 1,820 regions identified in these works into a single data set, where overlapping sequences present in two or more original databases were counted as single elements ( fig. 1A) fig. 1C and table 1 ). As the transcriptional units of NPAS3, WWOX, FHIT, and RBFOX1 are rather large, encompassing 0.9, 1.1, 1.5, and 1.7 Mb, respectively, we tested whether large genes are highly enriched in HAEs. From the 92 transcriptional units larger than 800 kb present in the human genome, 63 (68%) contain at least one HAE, indicating that large genes have a significantly higher probability of containing accelerated elements (supplementary table S1, Supplementary Material online; Fisher's exact test P < 0.00001), in agreement with the fact that the frequency of distribution of conserved noncoding elements in the human genome is rather uniform. Actually, large genes accumulate an expected number of noncoding conserved sequences as identified with the PhastCons program (Fisher's exact test not significant; supplementary table S1, Supplementary Material online).
Analysis of 1 Mb sliding windows (every 250 kb) also showed that the 1 Mb region more densely populated with HAEs is that carrying NPAS3 (table 1) . Furthermore, the second HAE-dense 1 Mb window, containing 12 HAEs, also includes NPAS3 (table 1) . In addition, there are four 1 Mb regions containing nine HAEs, two of which include NPAS3 as well. The other two fragments are located in chromosome 9 (chr9: 16000016-17000016) that includes the 0.5 Mb Basonuclin 2 gene (BNC2) and a gene desert region located in chromosome 2 (table 1 and fig. 1B and C) . Finally, there are ten 1 Mb regions containing eight HAEs (table 1  and fig. 1B and C) .
To analyze more carefully the density of HAEs in NPAS3, we have divided the number of HAEs by the length of the transcriptional unit for each gene containing HAEs. The results indicate that NPAS3 displays 1.6 HAEs every 100 kb of (Pollard, Salama, King, et al. 2006; Pollard, Salama, Lambert, et al. 2006) ; HACNS (Prabhakar et al. 2006) ; HTBE (Bush and Lahn 2008) ; and 29-mammals HARs (2Â HAR; Lindblad-Toh et al. 2011 ). In addition, there are 65 overlapping elements between the 2Â HAR and the HACNS databases and 3 elements between the HAR and the HTBE databases that are not included in the diagram. Number of HACNS and 2Â HAR elements in the diagram is larger than the number of elements in the published data sets due to multiple overlap at HACNS56/2Â HAR20 and HACNS11 loci. (table 2) . Altogether, these data reveal that while the coding region of NPAS3 has been evolving under strong purifying selection, a significant portion of conserved intronic noncoding sequences underwent a recent human-specific accelerated evolutionary process.
To further compare the evolution of coding and noncoding sequences in the NPAS3 genomic region, we performed an analysis of the accelerated and conserved sequences in the NPAS3 genomic region using phyloP (http://compgen.bscb. cornell.edu/phast/, last accessed February 28, 2013). We selected the genomic portion that spans from the last base of AKAP6 to the first base of EGLN3, the 5 0 and 3 0 adjacent genes to NPAS3, respectively. That selection renders a genomic interval of 1091152 base pairs that covers from base 32372020 to base 33463171 of chromosome 14 in the human genome (NCBI36/hg18). We split this genomic region into four nonoverlapping partitions: NPAS3 coding sequence, HAEs elements, noncoding 17-way most conserved PhastCons elements (without HAEs), and noncoding nonconserved genomic regions. We obtained for each of these partitions an alignment with four selected primate species: human, chimpanzee, orangutan, and rhesus macaque. We used only primate species to obtain reliable alignments in the nonconserved noncoding regions. Using the phyloP program, from the PHAST software package, we computed P values of conservation and acceleration for our test alignments under the Siepel, Pollard, and Haussler (SPH) method (Siepel et al. 2006) . The P values of conservation and acceleration were calculated in each case for a subtree holding only the human branch and a supertree made up of the remaining species: chimpanzee, orangutan, and rhesus. The neutral model of evolution with which to compare all the test alignments was derived from the primates.mod neutral model used in UCSC's conservation track. This analysis confirmed our results obtained using PAML showing that the coding region of NPAS3 is highly conserved (P = 0.001 in the human branch and P = 3.54 Â 10 À28 in the supertree) and does not show any signatures of acceleration in the human lineage (P = 0.99). In addition, we found that the PhastCons regions containing HAEs show a significantly higher probability to fit an accelerated model of evolution in the human lineage (P = 1.47 Â 10
À4
) than a conservation model (P = 0.99), whereas they show signatures of high conservation in the nonhuman primates (P = 1.16 Â 10
À65
). On the other hand, conserved noncoding PhastCons regions not containing HAEs show a higher probability of fitting a conservation model than an acceleration model in the whole set of species (2.29 Â 10
À97
). In addition, nonconserved noncoding regions do not fit a conservation model neither in the supertree (P = 0.82) or the subtree (P = 0.99) and show signatures of acceleration and neutral evolution in the subtree (P = 7.5 Â 10
À7
) and the supertree (P = 0.187), respectively.
Functional Characterization of NPAS3 Accelerated Elements in Transgenic Zebrafish
As NPAS3 is expressed in highly proliferative zones of the anterior developing mouse and human brain (Brunskill et al. 1999; Gould and Kamnasaran 2011; Allen Brain Atlas, www.brain-map.org, last accessed February 28, 2013) , the HAEs present in NPAS3 could have played a role in human brain evolution. To test this possibility, we investigated the ability of the 14 HAEs of NPAS3 to act as transcriptional enhancers during brain development by using a reporter expression assay in transgenic zebrafish. Although transgenic zebrafish have been shown to be an efficient and reliable expression system in which to test putative human transcriptional enhancers (Fisher, Grice, Vinton, Bessling, McCallion 2006), we considered of importance to first determine whether NPAS3 is expressed in the developing zebrafish brain. To this end, we performed reverse transcriptasepolymerase chain reaction (RT-PCR) and in situ hybridization at several developmental stages using two different primer sets and two digoxigenin-labeled antisense riboprobes designed against the zebrafish NPAS3 mRNA. Our RT-PCR results ( fig. 2A ) indicate that NPAS3 is strongly expressed during early stages of zebrafish development and in the adult brain and our in situ hybridization studies showed that NPAS3 is ubiquitously expressed at 24 h postfertilization (hpf) and a day later (48 hpf) the expression pattern is restricted to specific structures and tissues, including the anterior developing brain ( fig. 2B ). At 48 hpf, NPAS3 is highly expressed along the central nervous system, including the brain and the spinal cord ( fig. 2C ). In the brain, we observed high expression in diencephalic structures including the thalamus, hypothalamus, and optic tectum ( fig. 2C ) and also in the telencephalon ( fig. 2B ). In addition, we observed expression in the eye, heart and particularly, a high expression in the branchial arcs and the roof of the mouth ( fig. 2B and C). Thus, these results together with previous reports obtained in mouse and human embryos (Brunskill et al. 1999; Gould and Kamnasaran 2011) indicate that the developmental expression pattern of NPAS3 is conserved across vertebrates and confirm that the zebrafish is a suitable in vivo model in which to study the regulation of NPAS3 expression.
To generate transgenic zebrafish, we subcloned each of the 14 HAEs in an Tol2-based expression vector upstream of a mouse c-fos minimal promoter (Dorsky et al. 2002) followed by EGFP coding sequences (Kawakami et al. 2004; Fisher, Grice, Vinton, Bessling, Urasaki, et al. 2006) . Expression analyses performed at 24 and 48 hpf revealed that 11 of the 14 HAEs present in NPAS3 drove distinctive and reproducible EGFP expression patterns at 24 and 48 hpf ( fig. 3 and table 3 ). From the 11 HAEs capable of driving EGFP expression in a reproducible manner, only 6 are conserved in vertebrates, including zebrafish. Moreover, two out of the three HAEs that do not drive consistent EGFP expression are conserved in zebrafish (supplementary table S3, Supplementary Material online). The control vector produced essentially no signal with occasional specimens carrying irregular arrays of green fluorescent cells (table 3) . Altogether, these results demonstrate that most NPAS3 HAEs may act as transcriptional enhancers during brain development and confirm previous findings that the capability of a sequence to behave as an enhancer does not necessarily depend on sequence conservation (Fisher, Grice, Vinton, Bessling, McCallion 2006) .
To validate the reproducibility of transient expression experiments, we generated transgenic zebrafish lines for selected HAEs (HAR21, HAR96, chimp HAR202, human HAR202, and HACNS96) and found that the expression patterns observed in transient transgenic zebrafish at 24 and 48 h is consistent with those observed in the stable transgenic lines (figs. 4 and 5 and supplementary fig. S1 , Supplementary Material online).
The three HAEs incapable to drive reporter gene expression in transgenic zebrafish probably do not code for transcriptional enhancers. Alternatively, the accelerated substitutions accumulated in the lineage leading to humans disrupted enhancer function in a human-specific manner probably modifying the transcription factor repertoire that can bind to the sequence. Interestingly, we found that all human-specific substitutions present in each one of the 14 NPAS3-HAEs produce either a gain or loss of putative transcription factor binding sites (TFBS; supplementary table S3 , Supplementary Material online), suggesting that they could have contributed to changes in the spatiotemporal expression domain of NPAS3 in the human brain. To test this latter possibility, we selected one of these three elements, HAR202, which is highly conserved throughout vertebrates, including the zebrafish genome ( fig. 6B ). Thus, we tested in transgenic zebrafish the expression pattern driven by a transgene containing human HAR202 (HAR202-Hs) in parallel with a similar transgene carrying its chimpanzee ortholog (HAR202-Pt). Interestingly, transient and stable expression analysis at 24 and 48 hpf revealed that although HAR202-Hs did not generate any reproducible expression, HAR202-Pt drove a consistent EGFP expression pattern in the developing nervous system of transgenic zebrafish (table 3 and fig. 6 ). To find an explanation for the apparent loss of expression in the human HAR202 enhancer, we analyzed the TFBS gain and loss compared with the chimpanzee sequence. We found that two TFBS were lost in the human HAR202 sequence, STAT5 and BCL6 (supplementary table S3, Supplementary Material online). Both transcription factors are expressed in the developing brain (Markham et al. 2007; Leamey et al. 2008 ) and although the function of BCL6 in the developing brain has not been elucidated yet, it has been shown that STAT5 plays a key role in the generation of cortical interneurons and in axon guidance in the spinal cord and the telencephalon during brain development (Markham et al. 2007) . More experiments will be needed to probe if the loss of these TFBS is the mechanism underlying human HAR202 lack of expression and also the functional impact that this could have had in the expression of NPAS3 in the human brain.
In addition, to analyze comparatively the expression patterns driven by human and chimpanzee orthologs of additional HAEs, we selected HAR21 because the human version of this sequence drove strong expression of the reporter gene EGFP in transgenic zebrafish. We found that the chimpanzee version of HAR21 (HAR21-Pt) drove a consistent EGFP expression pattern in the developing nervous system of transgenic zebrafish (table 3) showing that this sequence behaves in a similar manner to the human sequence in the developmental stages analyzed. This result does not discard the fact that different temporal and spatial expression patterns could be driven by these two sequences at other developmental stages. More studies will be necessary to assess this possibility.
HAEs Expression Analysis in the Developing Zebrafish Embryo
To analyze in more detail the expression pattern driven by selected NPAS3-HAEs (HAR202 chimp, HAR96, HAR21, and HANCS96), we performed an expression analysis of EGFP in coronal cryostat sections of developing zebrafish at 24, 48, and 72 hpf. Although, in general, we observed that the four selected HAEs drove EGFP expression to the developing nervous system of zebrafish embryos at the three stages analyzed, we found some differences in the expression pattern driven by each enhancer. The four transgenes showed a wide expression pattern in the developing nervous system including the telencephalon, the optic tectum, the midbrain, the hindbrain, and the spinal cord (figs. 4-6 and supplementary fig. S1 , Supplementary Material online). The four transgenes also drove expression to the developing eye (figs. 4-6 and supplementary fig. S1 , Supplementary Material online). We observed that four transgenes drove the expression of EGFP to early born neurons labeled with HuC/D expression (Park et al. 2000) . In fact, we observed in HACNS96 transgenic zebrafish that EGFP partially colocalized with HuC/D expressing cells in the tectum optic and in the most lateral part the tegmentum (TeO and T; fig. 4K-M) . In addition, we observed high EGFP-HuC/D colocalization in the ventral part of the medulla oblongata (MO) in the hindbrain ( fig. 4Q-S ) and in the spinal cord (SC; fig. 4T-V) . We also observed that the chimp HAR202 ( fig. 6P-U ) and the HAR96 ( fig. 5M-R) sequences drove expression to early born neurons in the ventral and lateral parts of the hindbrain and spinal cord. On the other hand, we observed that HAR202Pt ( fig. 6J-L) as well as HAR96 ( fig. 5J, K) drove expression of EGFP to fewer cells in the tectum opticum compared with HANCS96Hs ( fig. 4K-M) . Besides, we observed that the HAR21hs enhancer drove a wide EGFP expression pattern in the developing central nervous system including forebrain, midbrain, hindbrain, and spinal cord (supplementary fig. 1 , Supplementary Material online).
Discussion
In this article, we identified the genes and genomic regions containing the largest clusters of HAEs in the human genome.
In general, we found that very large genes have a significantly higher probability of containing accelerated elements in agreement with the fact that they carry more noncoding conserved sequences. Among the genes displaying the largest cluster of HAEs, we identified NPAS3 as an extreme case containing 14 noncoding HAEs. This surprisingly great number of HAEs for a single gene contrasts with the expected difference between the human and chimpanzee NPAS3 protein. In fact, during the evolution of the human lineage, the coding portion of NPAS3 has been highly conserved showing only 2 amino acid substitutions over 940 residues compared with the chimpanzee ortholog. In addition, we found that the coding region of NPAS3 did not undergo accelerated evolution in the human or primate lineages. It has been suggested that phenotypic divergence between humans and chimpanzees is largely due to changes in regulatory sequences rather than in the protein-coding sequences (King and Wilson 1975) . As the 14 HAEs we detected in NPAS3 could be regulatory elements, we tested their ability to drive expression of the reporter fluorescent protein EGFP in transgenic zebrafish embryos. We previously validated the use of this expression system by showing that the only NPAS3 gene present in the zebrafish genome is expressed in the developing nervous system, making transgenic zebrafish a suitable vertebrate model where to study the regulation of NPAS3 expression. We found that at least 11 HAEs have the capability to drive the expression of the reporter gene EGFP in transgenic zebrafish embryos at 24 and 48 hpf in a reproducible manner. Thus, our data suggest that NPAS3 could have had a significant impact in human brain evolution. In addition, our data demonstrate that reporter expression in transgenic zebrafish is a useful live vertebrate model to rapidly evaluate HAEs as putative transcriptional enhancers in agreement with has been initially shown for human conserved noncoding elements (Fisher, Grice, Vinton, Bessling, McCallion 2006) . For the HAEs HAR21, HAR96, HAR202, and HACNS96, we also generated stable transgenic zebrafish lines and found that EGFP expression is highly restricted to brain and spinal cord structures where NPAS3 is normally expressed in vertebrates (Brunskill et al. 1999 ; Gould and Kamnasaran 2011) as we consistently observed in transient transgenic embryos, indicating that evaluation of reporter gene expression following embryo microinjection is likely to provide reliable results.
To further assess the functional impact of the accelerated evolution of the NPAS3-HAEs, we compared the expression ability of the human and chimpanzee HAR202 ortholog sequences. We selected this element because the human HAR202 failed to yield EGFP expression in transgenic zebrafish embryos. As chimpanzee HAR202 produced a reproducible expression pattern at 24 and 48 hpf in the developing brain, it is tempted to speculate that the molecular evolution of HAR202 in the human lineage led to a loss of regulatory function. The differential expression properties of the human and chimp HAR202 orthologs probably accounts for the first documented functional difference of a brain enhancer between these two closely related primates.
These results are consistent with previous results that suggested that the fast evolution of HAR202 was possibly driven by relaxation of constraint (Kostka et al. 2012 ). It has been described that human-accelerated regions (HARs) show a strong W to S bias (Pollard, Salama, King, et al. 2006; Prabhakar et al. 2006; Bush and Lahn 2008) and that a significant number of these HARs are located in the final band of chromosome arms (Pollard, Salama, King, et al. 2006 ) where a higher recombination rate has been described (Lander et al. 2001) . It has been suggested that regions of high recombination rate are associated with increases in W to S substitutions through a process known as biased gene conversion (Duret et al. 2002; Galtier and Duret 2007; Duret and Arndt 2008; Duret and Galtier 2009 ). We observed that 8 out of the 14 NPAS3-HAEs showed a strong AT (weak or W) to GC (strong or S) substitution bias (supplementary table S3, Supplementary Material online), whereas only one HAE (HAR21) showed an S to W bias. Although NPAS3 is not located near the tip of chromosome 14, we cannot rule out the possibility that biased gene conversion may have contributed to the evolution of NPAS3 HAEs. On the other hand, a recent study developed to quantify the nonlinear interacting effects of selection and biased gene conversion on the substitution rates and patterns of HARs showed that more than onehalf (55%) have substitution rates that significantly exceed local estimates of the neutral rate, suggesting that these regions may have been shaped by positive selection rather than by relaxation of constraint (Kostka et al. 2012) . Regarding NPAS3-HAEs, the mentioned study found that HAR21 shows signatures of positive selection, whereas the fast evolution of HAR89, HAR96, and HAR202 is better explained by relaxation of constraint (Kostka et al. 2012 ). In addition, HAR173 and HAR189 show signatures of bias gene conversion ( Kostka et al. 2012) . It is interesting to note that regarding HAR202 our comparative expression results between the human and chimpanzee ortholog sequences suggest a loss of function of this element, which is consistent with the relaxation of constraint showed by the analysis of Kostka et al. (2012) . On the other hand, we found that the chimpanzee version of HAR21 (HAR21-Pt) drove a consistent EGFP expression pattern in the developing nervous system of transgenic zebrafish in a similar manner to the human sequence in the developmental stages analyzed. This result does not discard the fact that different temporal and spatial expression pattern could be driven by these sequences at other developmental stages. More studies will be necessary to assess this possibility.
Analysis of NPAS3-deficient mice showed that this gene plays an important role during brain development and the control of neurosignaling pathways (Erbel-Sieler et al. 2004 ). In addition, NPAS3 was identified as a candidate gene for schizophrenia after analyzing a chromosome abnormality in a small family with schizophrenia and mental retardation (Kamnasaran et al. 2003; Pickard et al. 2005 Pickard et al. , 2006 . NPAS3 is located in a schizophrenia susceptibility locus (chr 14q13) previously identified by linkage (Chiu et al. 2002) and association studies, including a genome-wide association study, that found multiple NPAS3 single-nucleotide polymorphisms and mental illness risk haplotypes (Pickard et al. 2008; Huang et al. 2010 ). The translocation found in schizophrenia was predicted to generate a truncated NPAS3 protein retaining DNA-binding activity but lacking the dimerization and transactivation domains, suggesting a loss-of-function model as one mechanism by which genetic variation in NPAS3 increases risk for mental illness (Chiu et al. 2002) . In support of the loss of NPAS3 function in schizophrenia, mouse knockout models for NPAS3 and related protein NPAS1 present some behavioural, neuroanatomical, and molecular traits observed in schizophrenic subjects such as hyperlocomotion, memory impairment, reduced prepulse inhibition, reduced corpus callosum and hippocampal volume, enlarged ventricles, abnormal dopamine signaling, and reduced reelin expression (Erbel-Sieler et al. 2004; Brunskill et al. 2005; Pieper et al. 2005) . Surprisingly, we found other genes linked to schizophrenia and autism spectrum disorder (ASD) among the top HAEs-carrying genes. In fact, association, linkage, gene expression, imaging data, and knockout mouse models support the role of contactin-associated protein-like 2 (CNTNAP2), which carries six HAEs in its transcriptional unit in ASD (Alarcón et al. 2008; Peñagarikano et al. 2011; Peñagarikano and Geschwind 2012; Tan et al. 2012 ) and schizophrenia (Friedman et al. 2008; Ji et al. 2012 ). In addition, we found that the RNAbinding protein FOX-1 homolog, RBFOX1 (also termed TeO, tectum opticum; T, midbrain tegmentum; DT, dorsal tegmentum; Po, preoptic region; MO, medulla oblongata; OC, otic capsule; SC, spinal cord; Hi, hypothalamus; Hy, hypophysis.
A2BP1 or FOX1) contain the surprising amount of eight HAEs in its transcriptional unit. RBFOX1 gene disruption has been associated with a variety of neurodevelopmentally based brain disorders, including autism (Barnby et al. 2005; Martin et al. 2007; Sebat et al. 2007 ) and schizophrenia (Xu et al. 2008) .
Finally, this report provides an example of how the accelerated evolution of conserved nonprotein-coding elements can produce a significant functional impact by losing TFBS or gaining new ones. In fact, our in silico analysis showed that all HAEs involve putative TFBS losses or gains, suggesting that the human-specific nucleotide changes could have led to modifications in the spatiotemporal expression domain of NPAS3 in the developing human brain. Moreover, we found that two TFBS were lost in the human HAR202 sequence, STAT5 and BCL6 (supplementary table S3, Supplementary Material online). Both BCL6 and STAT5 are expressed in the developing brain (Markham et al. 2007; Leamey et al. 2008) and although the function of BCL6 in the developing brain has not been elucidated yet, it has been shown that STAT5 plays a key role in the generation of cortical interneurons and in axon guidance in the spinal cord and the telencephalon during brain development (Markham et al. 2007) . Further studies will be necessary to assess whether the loss of these TFBS is the mechanism underlying human HAR202 lack of expression and if this human-specific evolutionary process is related to the involvement of NPAS3 as a susceptibility locus for schizophrenia.
Materials and Methods
Analysis of HAEs Clustering
To identify clusters of genomic-accelerated elements in the human genome, we used four publicly available databases containing a total of 1,820 HAEs including 202 HARs (Pollard, Salama, King, et al. 2006; Pollard, Salama, Lambert, et al. 2006) , 992 human-accelerated noncoding sequences (HACNS; Prabhakar et al. 2006) , 63 human terminal branch elements (HTBE; Bush and Lahn 2008) , and 563 29-mammals HARs (2Â HAR; Lindblad-Toh et al. 2011) . Genomic coordinates originally published as hg17 intervals (HAR and HACNS) were manually converted to hg18 intervals according to the UCSC Genome Browser (www.genome.ucsc.edu, last accessed February 28, 2013) using BLAT. The resulting hg18 intervals from the four selected databases were concatenated into one data set that we named HAEs where overlapping elements in two or more original data sets were converted into one element. We analyzed the clustering of the human-accelerated sequences joining the HAEs data set with a data set of RefSeq intervals or four data sets of 1-Mb length genomic intervals that overlapped every 250 kb using Galaxy tools (http://main.g2.bx.psu.edu/, last accessed February 28, 2013). RefSeq intervals were obtained from the USCS table browser. To avoid redundancies, two or more overlapping RefSeq genes were converted into one genomic interval. Occurrences of each record (RefSeq or 1 Mb region) were counted to generate the number of HAEs per RefSeq or in 1 Mb.
To obtain the percentage of conserved sequences that underwent a process of accelerated evolution, we obtained the conserved noncoding regions in the NPAS3 locus from the UCSC table browser (as identified in 17 way_most_con-served multi-species genomic alignments by the PhastCons program with a conservation score !400). Conserved regions that overlapped spliced ESTs, interspersed repeats, low-complexity DNA, and duplicated blocks were eliminated using the following UCSC browser's tracks as filters: spliced ESTs, repeat masker, and self-chain. A total of 400 conserved regions were obtained. We calculated the number of bases covered by these 400 PhastCons regions (101,140 bp) and by the 14 PhastCons conserved elements that contain the 14 NPAS3 HAEs. A list of Ref Seq genes with a length !800 kb was obtained filtering them by length using Galaxy tools. The genomic coordinates were obtained manually according to the UCSC Genome Browser using BLAT and redundancies were eliminated merging the overlapping genomic intervals.
Zebrafish Husbandry
All experiments including zebrafish were performed in wildtype AB strain from the Zebrafish International Resource Center from the University of Oregon, according to approved protocols by the institutional Animal Studies Committee. Adult zebrafish were maintained at 28 C in a 14/10 h light/ dark cycle in a completely automatic Aquatic Habitats aquarium.
In Vivo HAE Transcription Enhancer Assay in Zebrafish
PhastCons genomic region containing each HAE were amplified by proofreading PCR (see primers list in supplementary table S4, Supplementary Material online) from human and chimpanzee genomic samples (chimpanzee samples were kindly donated by Adrian Sestelo) and cloned individually in the vector pXIG_cFos containing the minimal promoter cFos (Fisher, Grice, Vinton, Bessling, Urasaki, et al. 2006 ) that was kindly donated by Andy McCallion. Transgenic zebrafish were produced as described by Fisher, Grice, Vinton, Bessling, Urasaki, et al. (2006) . Briefly, embryos were obtained by natural mating: the day before to the microinjection, two adult females and one adult male were placed in a breeding tank in which females were separated from the male by means of a division panel in the tank. The morning of the microinjections, the egg production started shortly after removing the division panel from the mating tank. Each HAE-cFos construct was coinjected with transposase mRNA in one-to two-cell zebrafish embryos. We performed two separate experiments for each construct, where a 1 nl mixture of DNA and RNA (5/25 ng/ml) was injected into approximately 200 embryos. Embryos were raised in E3 medium (5 mM NaCl, 0.17 mM, KCl, 0.33 mM CaCl 2 , 0.33 mM MgSO 4 ) at 28.3 C and were subsequently screened at 24 or 48 hpf for EGFP expression. When necessary, 0.1 mM of 1-phenyl-2-thiourea was added to the E3 medium to prevent pigment formation. Microscopy was carried out on tricaine-anaesthetized embryos mounted in 3% methyl cellulose. Whole-mount images were taken on an Olympus BX41 fluorescent microscope with an Olympus DP71 digital camera. EGFP expression patterns were observed in multiple embryos (on average 70 embryos for each element and stage) and we considered a positive result (an active enhancer) when at least 30% of embryos showed a consistent EGFP expression pattern (Fisher, Grice, Vinton, Bessling, Urasaki, et al. 2006) . For those constructs that did not promote EGFP expression, we injected increasing amounts of DNA until reaching evident signs of toxicity and analyzed them at 24 hpf. For generation of stable transgenic lines, injected larvae were raised to adulthood and screened for stable germ-line insertion. Where indicated, patterns identified in mosaic animals were verified in at least three independent stable germ-line insertions.
Identification of TFBS Gain and Loss in HAEs
Comparative analysis of human and chimpanzee HAE sequences to detect gain and loss of TFBS was performed using the matrix-based program MatInspector (www.geno matix.de, last accessed February 28, 2013) . MatInspector identifies TFBS in nucleotide sequences using a large library of weight matrices, which is designed to represent the best of current knowledge in terms of specificity and sensitivity regarding TFBS (Cartharius et al. 2005 ).
Coding Sequence Evolutionary Analysis
To analyze the evolution of the NPAS3 coding region, we obtained the coding sequences of the following species: human, chimp, orangutan, gibbon, macaque, marmoset, tree shrew, mouse, rat, guinea pig, rabbit, horse, cow, dolphin, pig, microbat, elephant, and opossum.
These sequences were first downloaded from Ensembl, using the orthologs tool and then compared with those stored in GenBank and UCSC's Genome Browser. RefSeq sequences were prioritized when available. Missing data in the source sequences were manually curated using Genscan and N-Scan open reading frame predictors and NCBI's traces-BLAST.
We aligned the sequences using ClustalW and calculated the % of identity (ID) using MEGA5 (Tamura et al. 2011) . To carry out adaptive evolutionary analysis of NPAS3, the modified branch-site model A (test 2) of positive selection was carried out in NPAS3 mammalian sequences Zhang et al. 2005 ) using PAML (Yang 2007) . The focal branches in this test were the human and the primate lineages. Two nested hypotheses were tested for each focal branch. In the alternative hypothesis, three ! values were calculated: the !0, !1, and !2 representing the codons under negative, null, and positive selection, respectively. However, in the null hypothesis, only two ! values (!0 and !1) were estimated and no positively selected sites are allowed. In the case where positive selection was found in our focal branch, particular sites with positive selection were detected by the Bayes empirical Bayes method Zhang et al. 2005 ).
PhyloP Analysis of NPAS3 Genomic Region
With the aim of studying the genomic background in which NPAS3 in embedded, we selected the genomic portion that spans from the last base of AKAP6 to the first base of EGLN3, the 5 0 and 3 0 adjacent genes to NPAS3, respectively. That selection renders a genomic interval of 1,091,152 base pairs that covers from base 32,372,020 to base 33,463,171 of chromosome 14 in the human genome (assembly 2006: NCBI36/ hg18). We processed this genomic interval using the open web-based platform Galaxy (https://main.g2.bx.psu.edu, last accessed February 28, 2013) to split it into a few partitions of different genomic characteristics. Our first step was cross this genomic interval with the RefSeq table using UCSC's Table Browser to subtract the intervals corresponding to NPAS3 exons. Similarly, we subtracted the 17-way most conserved PhastCons elements, obtaining finally the intervals corresponding to the noncoding, nonconserved sections within the genomic interval studied. As coding sequences match the conditions to qualify as conserved elements, they are included in the PhastCons collection, but as we wanted to analyze them separately, we subtracted exon intervals from the PhastCons intervals. Likewise, we subtracted the HAEs from PhastCons to use them as our conserved sequences reference. Thus, we obtained four groups of genomic intervals representing each one of the partitions of interest, namely NPAS3 coding region in exon intervals, HAEs intervals, PhastCons intervals without HAEs and exons, and lastly the group of noncoding, nonconserved intervals. By applying the "Stitch MAF blocks," using the 8-way multiZ MAF type to include orangutan in our alignments, and "Concatenate FASTA alignments" Galaxy tools, we obtained for each of these partitions a fasta alignment with four selected study species: human, chimpanzee, orangutan, and rhesus.
Using phyloP program, from the PHAST software package, we computed P values of conservation and acceleration for out test alignments under the SPH method (Siepel et al. 2006) . The conservation and acceleration values were calculated in each case for a subtree holding only the human branch and a supertree made up of the remaining species: chimpanzee, orangutan, and rhesus. The neutral model of evolution with which to compare all the test alignments was derived from the primates.mod neutral model used in UCSC's conservation track. We used the tree_doctor program, also from the PHAST package, to prune the original primate neutral model tree and keep only our four study species.
RT-PCR and In Situ Hybridization Assays
Total RNA was extracted from pools of 50 zebrafish embryos at 24 and 48 hpf or from a pool of two adult zebrafish brains. RNA isolation was carried out using TRIZOL reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's recommendations. For RT-PCR, 10 mg of total RNA was reverse transcribed at 37 C for 60 min in a 20 ml final volume using SuperScript II Reverse Transcriptase (Invitrogen) and oligo-dT primers. PCR experiments were performed in 30 ml final volume, containing 3 ml of 1:20 reverse transcription sample as template. An initial denaturation step of 5 min at 94 C was followed by amplification (30 s at 94 C, 30 s at 64 C, and 30 s at 72 C) and final extension for 5 min at 72 C. Primer pairs used to amplify NPAS3 cDNAs were as follows:
, and for b-actin we used the following primers BACT_Dr_F (5 0 -GCAGAAGGAGATCACATCCCTGGC-3 0 ) and BACT_Dr_R (5 0 -CATTGCCGTCACCTTCACCGTTC-3 0 ) obtained from the work of Casedei et al. (2011) . The resulting NPAS3 PCR fragments were cloned into pENTR/D (Invitrogen), sequenced to confirm identity, and used as probes in our whole-mount in situ hybridization (WMISH) assay. Plasmids containing the probes were linearized using NotI, and transcribed using T7 RNA polymerase (Roche, Penzberg, Germany) to generate digoxigenin-labeled NPAS3 antisense riboprobe.
For whole-mount in situ hybridization, larvae were fixed overnight in 4% paraformaldehyde in phosphate-buffered saline (PBS), dehydrated in graded methanol concentrations (30%, 50%, 70%, and 100%) and stored at À20 C. Then larvae were rehydrated to PBST (PBS with 0.2% Tween 20) and treated for 15 min (24 and 48 hpf) to 30 min (5 days postfertilization; dpf) with 10 mg/ml proteinase K in PBST, washed twice in PBST and postfixed for 20 min in 4% paraformaldehyde in PBS, washed in PBST, and then washed three times in a hybridization solution containing transfer RNA (tRNA) and heparin. Prehybridizations were performed for 2 h at 65 C in a hybridization solution (50% formamide, 5Â SSC, 500 mg/ml torula tRNA, 50 mg/ml heparin, 0.1% Tween 20, 5 mM citric acid). Hybridizations were performed overnight at 65 C in a fresh hybridization solution containing 1 mg/ml antisense digoxygenin-labeled riboprobes. Larvae were then washed 5 min in 66% hybridization solution 33% 2Â SSC at 65 C, then washed 5 min in 33% hybridization solution 66% 2Â SSC at 65 C, and finally washed 5 min in SSC at 65 C. Larvae were then washed 20 min in 0.2Â SSC, 0.1% CHAPS and 20 min 0.1Â SSC, 0.1% CHAPS. Finally, the samples were washed 5 min in 66% 0.2Â SSC, 33% PBST, 5 min in 33% 0.2Â SSC, 66% PBST and 5 min in PBST at room temperature. To perform anti-DIG antibody incubation, samples were first incubated in blocking solution (2% normal goat serum [NGS] and 2 mg/ml bovine serum albumin) for 1 h at room temperature. Anti-DIG antibody (Roche) was incubated at 1/5,000 overnight at 4 C. The following day samples were washed five times 15 min each in PBST and then washed four times in a solution containing 100 mM NaCl, 50 mM MgCl 2 , 0.1% Tween 20, and 100 mM Tris-HCl (pH 9.5). Then samples were incubated with NBT/BCIP (Roche) in the abovementioned buffer overnight at room temperature and then stopped in PBS 1Â and mounted in glycerol 70%.
For in situ hybridization (ISH) in cryosections, zebrafish embryos were dechorionated and then euthanized by submersion in ice water. The embryos were fixed by immersion in phosphate-buffered 4% paraformaldehyde solution (PB; 0.1 M, pH 7.4) at 4 C overnight. The specimens were rinsed twice in PBS, cryoprotected in 10% sucrose solution (in PBS), and embedded in 10% gelatine with 10% sucrose in the same buffer. The blocks were frozen for 1 min in isopentane cooled to -70 C in dry ice and were stored at -80 C. Serial 14 -mmthick (48 hpf) and 16 -mm-thick (72 hpf and 5 days) sections were cut in a cryostat (Leica 1510S, Germany), collected on Super-Frost Plus slides (FisherScientific, USA), and stored at -80 C until use. EG and E2 NPAS3 probes were synthesized as mentioned previously and labeled using digoxigenin-UTP (Roche, Germany). We performed ISH on cryosections as previously described (Hidalgo-Sanchez et al. 2005) . Briefly, the thawed sections were postfixed with 4% paraformaldehyde in PBS for 10 min and then washed with PBS for 15 min. Thereafter, prehybridization occurred at room temperature for 4 h in a solution containing 50% formamide, 10% dextran sulfate, 5Â Denhardt's solution, and 250 mg/ml tRNA. Hybridization was performed with 300 ng/ml of the probe in the same hybridization solution at 72 C for 16 h. After hybridization, the sections were washed with 0.2% SSC at 72 C for 1 h and then twice with a solution containing 100 mM NaCl, 0.1% Triton X-100, and 100 mM Tris-HCl (pH 7.5). After treatment with 10% NGS in the same solution for 4 h, the sections were incubated overnight with alkaline phosphatase-conjugated antidigoxigenin Fab fragments (Roche, Germany; 1:3,500). Then, the sections were treated and revealed as mentioned for our WMISH protocol. Both NPAS3 probes displayed indistinguishable results in our WMISH and ISH studies, whereas a scramble probe did not produce any pattern (data not shown). The sections were coverslipped with Mowiol (Polyvinyl alcohol, Glycerol in Tris 0.2 M, pH 8.5) and photographed as mentioned earlier.
Images were processed using Panaview in cases where two images had to be used to generate a composite of one zebrafish embryo and images were size adjusted, cropped, contrast enhanced, and annotated in Adobe Photoshop.
Immunohistochemistry
Primary antibodies used were rabbit polyclonal anti-GFP (1/500; Abcam) and mouse monoclonal anti-HuC/D (1/20; Molecular Probes). Secondary antibodies used were goat anti-rabbit-AF488 (1/1,000; Molecular Probes, Invitrogen) and donkey anti-mouse-AF555 (1/1,000, Invitrogen). The specimens were fixed, cryoprotected, and frozen as mentioned previously for the ISH procedure. Cryostat sections (14 mm) were cut and washed three times for 10 min in 1Â PBS to remove gelatin. Sections were then incubated for 2 h at room temperature in blocking solution (10% normal donkey serum, 0.1% triton X-100, and 1Â PBS) followed by incubation with a mix of primary antibodies diluted in blocking solution overnight at 4 C. Sections were washed three times in 1Â PBS and then incubated sequentially for 1 h at room temperature with each secondary antibody. Finally, sections were washed three times in 1Â PBS and mounted in Vectashield (Vector Laboratories Inc.). Images were acquired using a NIKON C1 Confocal Microscope using the EZ-C1 2.20 software and a PlanApo 40Â/0.95 objective.
